We investigate the repulsive electrostatic interactions between a DNA polyelectrolyte and the charged walls of a fluidic nanoslit. The scaling of the DNA coil size with the physical slit height revealed electrostatic depletion regions that reduced the effective slit height. These regions exceeded the Debye screening length of the buffer, λ buffer D
, and saturated at ≈ 50 nm when λ buffer D reached 10 nm. We explain these results by modeling a semiflexible charged rod near a charged wall and the electrostatic screening by the polyelectrolyte. These results demonstrate the surprisingly long range over which a nanofluidic device can exert field-effect control over confined molecules.
New approaches to genetic analysis and fundamental tests of polymer physics have been inspired by nanofluidic technology, which can control single DNA molecules in solution by steric confinement [1] [2] [3] [4] [5] [6] . Negatively charged DNA experiences additional, electrostatic confinement in negatively charged nanochannels and nanoslits [7] . These Coulomb interactions are poorly understood, however, despite their significance to science and technology. Coulomb forces can be harnessed to add a new dimension to nanofluidic devices, allowing single molecules to be manipulated via the fluidic version of the field-effect [8, 9] , yet their range and magnitude remain untested. They have also been ignored in most fundamental studies of nanoconfined DNA, even under low salt conditions [4] [5] [6] . The Coulomb forces on nanoconfined DNA are difficult to study experimentally because no direct probe is available, but here we show how they can be measured indirectly by their influence on DNA conformations.
Bonthuis et al. studied the statistics of λ-DNA molecules in silica nanoslits under relatively high salt conditions, establishing a relationship between the coil size and the degree of confinement for steric DNA-wall interactions [3] . In this Letter, we apply the same methodology under low salt conditions to probe a new physical interaction: the electrostatic depletion of a polyelectrolyte (DNA) from a charged surface. From the scaling of the DNA coil size with the physical slit height, we infer electrostatic depletion regions that reduced the effective slit height. Contrary to common assumptions [7] , the depletion length is found to significantly exceed the (Debye) electrostatic screening length of the buffer solution, λ buffer D . Furthermore, its non-trivial dependence on λ buffer D provides experimental evidence for screening by the DNA. We derive an analytic expression for the depletion length and propose a simple model of the electrostatic screening by DNA, which describe our data well. These results shed new light on the physics of polyelectrolytes and on the surprisingly long range for exerting field-effect control over confined molecules.
Coulomb forces are screened in solution by mobile ions. The screening length is λ D = ǫǫ 0 k B T /2N A e 2 I, where N A is the Avogadro number, ǫǫ 0 is the permittivity of the solution, e is the electron charge, and k B T is the thermal energy. The ionic strength, I, is given by:
where c i and z i are the concentration and the valence of the i th ionic species, respectively. The electrostatic potential at distance x from a charged surface obeys Ψ(x) = Ψ eff e −x/λD in the far field, where Ψ eff is the effective surface potential. Ψ eff is smaller than the "bare" potential for highly charged materials like silica because the nearest counterions are essentially bound, and renormalize the apparent charge [10] . Similarly, the effective line charge density of DNA, ν eff , is the relevant quantity for Coulomb forces at large distances [11] . Bare electrostatic quantities are related to effective quantities in solution by the mean-field Poisson-Boltzmann theory.
At equilibrium, DNA is excluded from a region near a charged wall where the interaction energy exceeds ∼ k B T . Though it is tempting to ignore Coulomb forces beyond λ buffer D , the actual extent of the depletion regions is unclear because: (a) DNA is a semiflexible object, whose interaction with charged walls is presumably dominated by the closest segments. The characteristic length of those segments, which determines the strength of the Coulomb interaction, is not known. (b) Independent segments of DNA are highly charged and mobile. They therefore behave like multivalent ions and contribute to electrostatic screening (e.g. through Eq. (1)).
Coulomb forces can be probed experimentally in nanoslits by studying their effects on DNA conformations, characterized by the equilibrium in-plane radius of gyration, R || . Polymers expand laterally with decreasing h in the moderately confined regime, P ≪ h < R g (P is the persistence length that characterizes the stiffness of the polymer; R g is the radius of gyration), due to the repulsive excluded-volume interactions between segments [1-3, 12, 13] . A power law scaling relationship between R || and h is typically assumed, with support from experimental evidence [1] and theoretical arguments originating with de Gennes [12] . Since R || should only depend on the effective slit height in the presence of electrostatic confinement at constant λ buffer D , the width of the depletion regions can be quantified.
We studied fluorescently stained λ-DNA molecules (48.5 kbp) in fluidic nanoslits ranging from h = 80 nm to h = 1 µm by epifluorescence microcopy ( Fig. 1(a) ). Intercalation of the YOYO-1 dye at a base-pair to dye ratio of 10:1 increased the DNA contour length, L, from 16.3 µm to an estimated 18.6 µm [1] . The DNA was suspended in buffer solutions with λ buffer D = 1.8 nm, 5.1 nm, 10 nm, 16 nm, and 23 nm. We obtained R || from the imaged DNA conformations for each h and λ buffer D (Fig. 1(b) shows a typical image). Our methods followed those described by Bonthuis et al. [3] . Details of our DNA preparation, imaging, and image analysis procedures appear in the Supplemental Material, where we also show that λ-DNA was stable for all λ The scaling regimes we observed are identical to those found by Bonthuis et al. for DNA in slits [3] . Their R || data, corresponding to λ buffer D = 1.4 nm, were rescaled by
and included in Fig. 1(c) . (Ref. [3] uses a different definition of R || than the standard one we used.) In the weakly confined regime, the slit simply orients the longest principal axes of the polymer. The regime of moderate confinement was identified in ref. [3] as the de Gennes regime, where the compression of DNA is described well by the equivalent predictions of the "blob" model [12] and Flory theory [13] . The onset of the strongly confined regime in ref. [3] near h ≈ 100 nm, roughly twice P for DNA, suggested that Odijk deflection segments [14] govern the statistics. The origin of h-independent R || scaling in the strongly confined regime remains to be explained [13] , however, we leave that to a future analysis. We focus instead on the moderately confined regime, where the well-established dependence of R || on h offers a probe of the electrostatically excluded regions.
Under moderate confinement, the scaling relationship between R || , h, P , L, and the effective diameter of the polymer, d eff , predicted by Flory theory is [13] :
Eq. (2) explains the observed rise in R || with λ buffer D , as the weakened screening of the charged DNA backbone increases P and d eff . Experimental evidence supports the following dependence of P on λ buffer D for DNA [6, 15] :
Stigter derived the accepted λ D -dependence of d eff [16] :
Eq. (2) also predicts R || ∼ h −1/4 , which agrees well with experimental results for DNA when λ buffer D ≪ h [3, 6] . However, the "blob" and Flory models ignore the Coulomb forces near the walls of the nanoslit.
We introduce the depletion length, δ, to account for the electrostatic exclusion of DNA from the vicinity of the negatively charged walls of a silica nanoslit. δ is a correction to the slit height, such that h − δ is the effective height ( Fig. 1(a) ). We experimentally quantified δ at each λ buffer D by fitting the h-dependence of R || in the moderately confined regime to the power law:
where β is the scaling exponent. The data are described well by eq. (5), whose least squares fits are shown in Fig. 1(c) . In the Supplemental Material, we show that these data cannot be explained by an alternative model considered by Zhang et al. [7] in their study of salt-dependent DNA statistics in polydimethylsiloxane (PDMS) nanochannels, where δ = 2λ (Fig. 2, inset) . The mean value β = 0.20 ± 0.03 was slightly below the theoretical β = 0.25, possibly reflecting a suppression of excluded volume interactions due to confinement.
δ was comparable to critical dimensions routinely used in nanofluidics, even at short λ buffer D , highlighting the importance of electrostatic confinement for DNA. At present, however, no analytical theory is available to describe the interaction of a charged polymer with a charged surface. Charged colloidal particles [17] and rodlike polyelectrolytes [18] have been considered, but these objects lack the flexibility that is essential to DNA.
Here, we outline an analytical model of δ for DNA, which we take to be a charged, semiflexible rod near a charged surface. Figure 3(a) sketches the basic picture. The closest segment of DNA approaches the surface to within a distance x c . The polymer runs parallel to the surface at x c before deflecting away from it on either side. The electrostatic interaction energy is denoted w(x c ). At thermal equilibrium, the probability of that configuration is suppressed by the Boltzmann factor, e −w(xc)/kB T , and the electrostatic depletion length is given by the virial integral over all possible configurations [19] :
The main contribution to w(x c ) comes from the polymer segment of length l e that lies within λ D of x c . To illustrate, we Taylor expand the DNA configuration, x(s), about x c to second order in the contour distance, s, which gives x(s) ≈ [14] . We take l e ≈ 2(P λ u du) [17] . Since A ≥ 30 in our experiments, the last, integral term can be neglected, and Eq. (6) is evaluated to give the following expression for δ:
A realistic model of δ must also account for the electrostatic interactions between DNA segments. Borue and Erukhimovich theoretically showed that polyelectrolytes screen Coulomb forces [20] . This differs from screening by independent charges because of their linear memory in a connected polymer. Borue and Erukhimovich only considered weakly charged polyelectrolytes in the semidilute (weakly overlapping) limit [20] . Our experiments, in contrast, probed isolated, highly charged DNA polymers, on which neighboring charges are strongly correlated, and for which the existing screening model does not apply.
We obtain an approximate, mean-field description for DNA by treating its independent segments as multivalent ions (Fig. 3(b) ) that locally affect I, and hence λ D . The assumption of independent electrostatic interactions between segments mirrors the assumption of independent excluded volume interactions used successfully in Flory theory. The (Kuhn) independent segment length is 2P [21] , and its effective valence is z DNA ≈ 2P ν eff /e. The L/2P segments occupy a volume V DNA ≈ π R || 2 h in a slit, locally contributing the following to I (Eq. (1)):
Since I DNA is h-dependent, our model used the mean value at each λ buffer D
, obtained from the measured R || and h in the moderately confined regime. Every charge along the DNA backbone also entrains a monovalent counterion, however the resulting increase in the local concentration, c CI ≤ 0.1 mM, was too low to significantly affect I in our experiments.
We find good agreement between the measured behavior of δ and our model (Fig. 2) . Eq. (7) (Fig. 2) . These results show that the DNA can dominate the local I at low salt and thereby limit λ D . Screening by DNA may help explain the observation by Jo et al. [4] of an unanticipated saturation in the extension of DNA in narrow PDMS slits at low salt.
The close concordance of the model with experiment did not require a fine-tuning of input parameters, which could be refined by, e.g. considering charge regulation and ion-specific effects on Ψ eff and ν eff , or by obtaining l e from numerical simulations. The properties of YOYO-1-stained DNA should also be examined. Since the dye is positively charged, it partially neutralizes the bare charge density of DNA [7] , and its intercalation disrupts the double-helix structure. Some force spectroscopy studies have found YOYO-1 to significantly depress P at high loading [22] . Our experiments used a low dye content to minimize such effects. Finally, a refined model of screening by DNA could account for correlations between the connected segments and for their extended geometry.
The findings presented here have intriguing implications for polymer physics and for nanofluidic technology. The statistics of polyelectrolytes under low salt conditions should be re-examined in light of the important screening role played by DNA, which is ignored in current theories. The range of validity for treating independent DNA segments as multivalent ions should also be investigated. The approximation likely breaks down under strong confinement, for example, where the segments cease to freely and independently explore the confining volume. Finally, the long range of δ found here, exceeding λ buffer D by an order of magnitude at intermediate salt concentrations, presents new opportunities for manipulating single molecules. Coulomb forces reduce the effective slit height by distances comparable to the depth of nanopits that dictate the conformations and transport of confined DNA [23, 24] . Nanofluidic devices with integrated electrodes may enable active, field-effect control over charged molecules at biologically relevant salt concentrations.
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